Electron probe x-ray microanalysis was used to measure water content and concentrations (mmol/kg dry weight) of elements (Na, P, S, Cl, K, Ca, and Mg) in myelinated axons and glial cells of rat optic nerve exposed to in vitro anoxia and reoxygenation. In response to anoxia, large, medium, and small diameter fibers exhlbited an early (5 min) and progressive loss of Na and K regulation which culminated (60 min) in severe depletion of respective transmembrane gradients. As axoplasmic Na levels increased during anoxic exposure, a parallel rise in Ca content was noted. For all axons, mean water content decreased progressively during the initial 10 min of anoxia and then returned toward normal values as anoxia continued. Analyses of mitochondrial areas revealed a similar pattern of elemental disruption except that Ca concentrations rose more rapidly during anoxia. Following 60 min of postanoxia reoxygenation, the majority of larger fibers displayed little evidence of recovery, whereas a subpopulation of small axons exhibited a trend toward restoration of normal elemental composition. Glial cells and myelin were only modestly affected by anoxia and subsequent reoxygenation. Thus, anoxic injury of CNS axons is associated with characteristic changes in axoplasmic distributions of Na, K, and Ca. The magnitude and temporal patterns of elemental Na and Ca disruption are consistent with reversal of Na+-Ca2+ exchange and subsequent Ca entry . During reoxygenation, elemental deregulation continues for most CNS fibers, although a subpopulation of small axons appears to be capable of recovery.
[Key words: anoxia, reperfusion, axon injury, myelinated axons, glial cells, optic nerve, elements, electron probe x-ray microanalysis, It has been hypothesized that the injury to myelinated axons caused by CNS white matter anoxia or hypoxia is mediated by a cascade of events initiated by ATP depletion and resulting inhibition of axolemmal Na+/K+-ATPase activity. The subsequent rise in axonal Nat, in conjunction with membrane depolarization, promotes reverse operation of the Na+-Ca2+ exchanger and damaging influx of CaZ+ Stys et al., 1990 Stys et al., , 1991 Stys et al., , 1992 . Although this initial ionic disruption is likely to be of primary pathophysiological significance, CNS oxygen deprivation in vivo is often transient and is followed by reoxygenation. Evidence suggests that, despite restoration of normal regional CNS oxygen content, the reoxygenation (reperfusion) period is associated with further axonal injury. This secondary injury is presumably a consequence of free radical generation and additional Na+ and Ca*+ entry in axons (Young, 1986; Siesjo, 1988) . Since excess CaZ+ can mediate irreversible injury, axonal accumulation of this ion might underlie the paradoxical "maturation" of anoxic damage that presumably occurs during reoxygenation (Farber et al., 1981; Young, 1986; Siesjo, 1988) . The mechanism of Ca2+ influx during reoxygenation injury is unknown but, like anoxia, might involve the Na+-Ca2+ exchanger. Regardless, these findings suggest that loss of Na+, K+ and Ca*+ regulation during anoxia and subsequent reoxygenation is responsible for changes in the structure and function of myelinated axons. To investigate this possibility, we have used electron probe x-ray microanalysis to determine the distribution of Na, K, Ca, and other elements in myelinated axons of rat optic nerve. The elemental composition of resident glial cells was also assessed based on the potential involvement of these cells in anoxic and reperfusion injury (Kimelberg and Ransom, 1986; Kim-Lee et al., 1992; Ransom and Philbin, 1992) . Due to the small dimensions of myelinated axons and glial processes in mammalian CNS, it is technically difficult to measure ionic concentrations using conventional methods such as fluorescent dyes or ion-selective microelectrodes. Similarly, tissue-level measurements using atomic absorption spectrophotometry or radioisotope fluxes cannot distinguish glial-versus axonspecific changes in elemental composition that evolve during anoxia or reoxygenation. Electron probe x-ray microanalysis (EPMA) is a quantitative electron microscopy technique that measures both water content and total (free plus bound) concentrations of elements (e.g., Naj K, Ca) in cellular morphological compartments (for detailed methodological and theoretical considerations see review by . Thus, unlike other methods of ion/element measurement, EPMA permits differentiation of nervous tissue cell types (i.e., glia vs axon) and subsequent analyses of intracellular morphological compartments (e.g., mitochondria). Since compensatory changes in cell water accompany injury-induced ion shifts (Ma&night, 1988) , EPMA measurements of compartmental water content allow calculation of molar concentrations and, consequently, estimation of the pathophysiological relevance of anoxia-induced elemental alterations.
Previous EPMA studies have demonstrated that CNS and PNS myelinated axons and glial cells exhibit characteristic subcellular distributions of elements and water (LoPachin et al., 1988 (LoPachin et al., , 1991 and that experimental peripheral myelinated axon injury (e.g., axotomy, diabetes, chemical intoxication) produces specific, temporally dependent alterations in these distributions (LoPachin et al., , 1992 (LoPachin et al., , 1993 . Results of the present study indicate that in vitro optic nerve anoxia produces alterations in axonal Na, K, and Ca distributions that are consistent with the Na+-Ca2+ exchanger hypothesis of Stys and colleagues (1992) . Following 60 min of postanoxia reoxygenation, the majority of larger fibers displayed little evidence of recovery, although a subpopulation of small axons exhibited a trend toward restoration of normal elemental composition. We also report that the elemental composition of glial cells and myelin was only modestly affected during both anoxia and the reoxygenation period.
Materials and Methods
In vitro anoxia and reoxygenation of rat optic nerve. Adult Long Evans rats aged 50-70 d were anesthetized with 80% CO,/20% 0, and decapitated. Rat optic nerves (RONs, approximately 8 mm in length) were dissected free and were placed in an interface brain slice chamber (Medical Systems Corn., Greenvale, NY) and perfused at 3 ml/min with artificial cerebrospinal fluid (aCSF) contain&g (in mM): NaCl 126, KC1 3.0. MeSO, 2.0. NaHCO, 26. NaH,PO, 1.25. CaCl, 2.0. dextrose 10. pH'7.43, maintained at 3?C. . Isolated RONs were incubated for at least 60 min in aCSF aerated with a 95% 0,, 5% CO, gas mixture. At the completion of this initial normoxic control period, RONs were either removed from the chamber (t = 0 min, n = 3) or were subjected to anoxia for varying periods by switching to a 95% N2, 5% CO, gas mixture (t = 2.5-60 min; n = 3-4 per time point). Once removed from the chamber, normoxic control (t = 0) and anoxic nerves were immediately quench frozen by immersion in melting Freon 22 (Chlorodifluoromethane, Aldrich) and then stored in liquid nitrogen until analysis. As a control for the in vitro anoxic period, RONs (n = 2) were maintained in normoxic conditions for 60 min beyond the initial equilibrium period (t = 60). To investigate reoxygenation, RONs (n = 3) were subjected to 60 min of anoxia as described above and then returned to normoxic conditions for 60 min. At the completion of this postanoxic reoxygenation period, RONs were removed from the chamber and cryopreserved (see above). As a control for the rcoxygenation study, nerves (n = 2) were incubated in normoxic aCSF for 120 min beyond the initial equilibrium period (t = 120).
Cryoultramicrotomy
and electron probe x-ray microanalysis (EPMA). The methodologies for cryoultramicrotomy and EPMA have been published extensively (Saubermann et al., 1981a,b; Saubermann and Heyman, 1987; Foster and Saubermann, 1991; LoPachin et al., 1991) . Briefly, frozen RONs were sectioned (500 nm nominal thickness) on a cryomicrotome at an ambient cryochamber temperature of -55°C. Unstained, unfixed, hydrated cryosections were then transferred under vacuum to the cold stage (-185°C) of an AMRay 1400 scanning electron microscope. The electron microscope was equipped with a Tracer Northern energy dispersive detector and pulse processor which was connected to a PC based multichannel analyzer for collection and processing of .x-rays.
For quantitative analyses of elements in optic nerve cryosections, wet weight specimen mass was measured in frozen hydrated sections by determining continuum generation rates (Saubetmann et al., 1981a,b; Saubermann and Heyman, 1987) . Cryosections were then dehydrated in the electron microscope column vacuum by raising the temperature of the cold stage from -185°C to -60°C for 30 min. Stage temperature was returned to -185°C for microanalysis. Morphological compartments were visualized in dehydrated cryosections using scanning transmission electron microscopy (STEM). The electron beam (20 keV, 0.4 nA current) was rastered within anatomical boundaries of the chosen structures. X-Ray spectra were collected over 100 set of live counting time. Dry weight elemental mass fractions (mmol/kg dry weight) for Na, K, Cl, S, Mg, P, and Ca were determined using software applying the Hall et al. (1973) method of continuum normalization (Foster and Saubermann, 1991) . Water content (% water) of morphological compartments was determined by the ratio of continuum counts in the hydrated and dried states (Bulger et al., 1981; Saubermann et al., 1981b ).
As indicated above, EPMA does not distinguish ionic versus bound element. Therefore, symbols for each element are exoressed without valences (e.g., Na) when corresponding concentrations have been derived by EPMA. Valences are indicated (ea.. Na+ ) for discussions of previous research involving ion-sensitive'm&urements or for physiological processes (e.g., membrane transport) where involvement of the ionized species is implicit (see Discussion).
In cryosections of optic nerve, myelinated axons were classified as either small (<I pm), medium (l-2 pm) or large (>2 Km) diameter fibers (Fig. 1) . For each class of nerve fiber, elemental composition and water content was determined in axoplasm, mitochondria, and myelin. The majority of axoplasm analyzed in transverse cryosections was of internodal origin. Paranodal and nodal regions were also identified and analyzed, although the small number of respective analyses precluded statistical evaluation. For each axon size group of the reoxygenation study, the frequency data for dry weight axoplasmic K and Na concentrations are expressed as percentiles (see Figs. 5 and 6, respectively).
Presentation of percentile graphs permits easy identification of axon subpopulations and the expression of individual fiber data, that is, for each axon analyzed the concentration of element is indicated. Moreover, the dispersion or heterogeneity of the data can be discerned by visual inspection and, since all groups of data (Normoxia, Anoxia and Reoxygenation) can be displayed on a single graph, comparisons among experimental groups can be readily made.
The mitochondrial compartment ( Fig. 1 ) has been identified according to both functional (e.g., differential response to injury, Ca sequestration) and gross structural (e.g., size, shape, and orientation) criteria and is designated as "mitochondrial area" (LoPachin et al., 1991 (LoPachin et al., , 1992 (LoPachin et al., , 1993 . Mitochondrial data represent analyses pooled primarily from organelles in large and medium fibers since mitochondria from small fibers were difficult to identify conclusively. Glial cell cytoplasm and myelin ( Fig. 1) were also analyzed. The former compartment was represented primarily by glial processes (LoPachin et al., 1991) . The respective elemental compositions of myelin from large, medium, and small diameter axons did not differ statistically and the data were therefore pooled.
Statistics. One-way analysis of variance (ANOVA) was used to determine whether analyses from individual animals of an experimental group could be pooled as independent data to derive a group mean. Therefore, descriptive parameters such as group means and variances are not based on the number of RONs (i.e., 3-4Aime point), but rather are derived from pooled axon data. As in previous studies of myelinated axon injury (LoPachin et al., 1992 (LoPachin et al., , 1993 , two types of statistically significant changes were determined in the present investigation: nonparametric increases in variance (i.e., heterogeneity or increased dispersion) and parametric shifts in group mean data. For nonparametric analyses, squared deviates from within groups were calculated and a Kmskal-Wallis test was applied among groups. A Mann-Whitney U test with Bonferroni correction was used to determine differences (p < 0.05) between control and anoxia group data (variance). For parametric analyses, statistical differences 0, < 0.05) among group means were determined using one-way ANOVA. Treatment versus control mean differences (p < 0.05) were assessed using Dunnett's t test.
Results

Morphological observations
Myelinated axons and glial cells in cryosections from preanoxic (t = 0) and normoxic control (t = 60, 120 min) nerves exhibited morphology that was similar to that described in a previous EPMA study of in situ rat optic nerve (LoPachin et al., 1991) . Moreover, morphological features in frozen section were comparable to those observed in conventionally fixed thin sections of rat optic nerve exposed to equivalent in vitro control incubation conditions . Figure 1A is a low-magnification scanning-transmission electron micrograph (STEM) image of normoxic (t = 60' control) optic nerve in transverse cryosection. (10) 6737 8re.l. A, Scanning-transmission electron micrograph (STEM) of a frozen, unstained dehydrated transverse cryosection from normoxic t 60') rat optic nerve. Small (S arrow), medium (M). and large (L) diameter myelinated axons are indicated. Also identified are mitoch arrows) and a glial cell area (GI). Despite in vitro incubation for a total of 120', axonal and glial morphological characteristics are comr ose of cryosections from optic nerve prepared in situ (see LoPachin et al., 1991 Elemental data are expressed as mean mmol/kg dry wt 2 SEM; H,O data are expressed as mean % water t SEM. "In situ" data are from LoPachin et al. (1991) . Dissection, preanoxia (r = 0), and normoxia (t = 60) controls are as described in Methods and Materials. Numbers in parentheses represent number of rats per experimental group. n,, total number of axons analyzed per group; Q. total number of glial areas analyzed per group. * Significantly @ < 0.05) different form preanoxia control as determined by ANOVA with Dunnett's t test.
Small, medium and large diameter axons are evident as well as glial cell areas. Mitochondrial areas in STEM images appear as electron-opaque, ovoid, or elongated structures, depending upon the plane of section (Fig. 1A) . In cryosections of anoxic optic nerve, morphological alterations followed a pattern of development and expression similar to that reported by Waxman et al., (1992 Waxman et al., ( , 1993 . Thus, Figure 1B is a low-magnification STEM image showing a transverse cryosection of optic nerve exposed to anoxic conditions for 60'. Large, intramyelinic spaces adjacent to irregular axonal profiles were the most prominent morphological feature of these cryosections ( Fig. 1, inset ). In addition, many of the respective mitochondria were enlarged ( Fig. 1 ). These structural changes were primarily associated with large-diameter fibers.
Electron probe x-ray microanalysis (EPMA) of anoxic and reoxygenated optic nerves Elemental composition of axons and glia from in vitro normoxic control optic nerves. Table 1 presents EPMA data from medium diameter axons and glial areas under in situ (LoPachin et al., 1991) and control in vitro incubation conditions. Following dissection, myelinated axons (e.g., medium axons, Table 1 ) and corresponding mitochondrial areas (data not shown) exhibit significant decreases in axoplasmic K and slight increases in Na relative to the preanoxic control (t = 0). Similar changes were observed in large and small diameter fibers (data not shown). We also found that the elemental composition of axons incubated for 120 min under normoxic conditions were comparable to respective compartments from in situ optic nerves (t = 60, Table 1 ). Together, these findings suggest that nerve dissection was associated with axon injury as indicated by modest elemen- Table 2 .
tal derangement (see review by LoPachin and . However, this injury was reversible since during normoxie control incubations (Table l) , elemental composition recovered to in situ levels. Results also indicated that the elemental composition and water content of glial cells (Table 1 ) and myelin (data not shown) remained relatively unaffected following dissection or normoxic incubation. Finally, statistical comparisons of respective elemental data among controls (t = 0, 60, 120) revealed no differences and, therefore, the data were pooled as a common normoxic control for the anoxia and reoxygenation data (normoxia; see Tables 2-5 and Figs. 2-7) . Effects of anoxia and reoxygenation on elemental composition and water content of rat optic nerve myelinated axons. In vitro rat optic nerve anoxia produced progressive changes in myelinated axon elemental composition and water content. For example, in axoplasm of large fibers, statistically significant and progressive decreases in mean dry weight K concentrations were observed (Fig. 2) . In contrast, large axon Na levels increased steadily during the initial 40 min of anoxia and then remained constant (Fig. 2) . For each anoxia time point, both the minimum and maximum Na concentrations (mmolkg dry wt) increased progressively with concomitant widening of the data range, for example, normoxic control (minimum-maximum) = 60-485, 10' anoxia = 195-1011, 60' anoxia = 338-4335. In addition, the corresponding dispersion of each data set was skewed toward higher Na concentrations resulting in a non-normal distribution. Accordingly, nonparametric statistics (see Materials and Methods) revealed significant increases in respective variance. Overall, the extent of anoxia-induced K loss in large axons was greater than the gain in Na (Fig. 2) . Consequently, after 60 min of anoxia there was a 17% net deficit in total mean cationic elemental composition of large axons relative to that of normoxic control (see Mg and Ca changes below). Mean axoplasmic Ca Table 2 .
concentrations increased slowly during the first 40 min of anoxia, and thereafter Ca levels rose abruptly (Fig. 2) . Similar to large axon Na, these changes in Ca content were characterized by significant increases in variance. Anoxia-induced losses of Na, K and Ca regulation were associated with parallel perturbations in Cl, Mg, and water content (Table 2) . Axoplasmic Cl concentrations in large axons decreased continuously during the initial 10 min of anoxia and then returned to normal over the next 50 min ( Table 2 ). The 60 min Cl data was associated with a statistically significant increase in variance. Mean dry weight Mg concentrations in large axons continued to fall during the entire anoxic period, whereas P level declined only slightly (Table 2). No changes in axoplasmic S were observed (data not shown). These alterations in large axon elemental composition occurred in conjunction with fluctuations in axonal water content. During the initial 10 min of anoxic exposure, mean percent water decreased significantly and then returned to slightly above normoxic values after continued oxygen deprivation ( Table 2) . The temporal development and patterns of elemental alterations in medium diameter axons were similar to those occurring in large fibers (Fig. 3, Table 2 ). However, in small axons the onset of Na, K and Ca derangements was early relative to that of larger axons (e.g., Fig. 4 vs Fig 2) . The changes in axoplasmic K and Na concentrations in medium and small axons were not matched (i.e., K declined more than Na increased) during anoxia and therefore a net mean cationic deficit existed after 60 min of anoxia: medium fibers = -19%, small fibers = -28%. Charge Number of fibers analyzed per experimental time point is provided in Table 2. appears to be maintained by a parallel loss of axoplasmic P: medium fibers = -21%, small fibers = -33%. The changes in mean Mg and water contents are also presented in Table 2 . In reoxygenated rat optic nerve, mean dry weight axoplasmic K of large and medium axons was increased modestly relative to anoxia (Fig. 5AJ3 ). This increase was due to small subpopulations (-lO-15%) of fibers that expressed elevated axoplasmic K relative to other members of these size groups. As a consequence, the dispersion of the respective data was greater than that of normoxia and associated variances were significantly increased (p < 0.05). For large axons, mean axoplasmic dry wt Na remained similar to anoxic levels (Fig. 6A) . However, Na content of medium axons rose and a significant increase in variance was detected (Fig. 6B ). This is attributed to the development of a subpopulation of axons that exhibited elevated Na levels (i.e., data above the 50th percentile) relative to the distribution of anoxic Na concentrations, while remaining medium axons displayed concentrations similar to or below the anoxia data (Fig. 6B) . In contrast to larger axons, the distribution of K concentrations in small fibers revealed the presence of a subpopulation with elevated K when compared to the anoxic distribution (Fig. 5C, >5Oth percentile). Small axons with K concentrations approaching normoxic values tended to have Na levels (Fig. 6C ) that were much less than those associated with anoxia. Conversely, the subpopulation of axons whose distribution of K concentrations was similar to that of anoxic fibers (Fig. 5C, <5Oth percentile) tended to have Na concentrations that were greater than those of anoxic axons (Fig. 6C) . Taken together, our data reveal that reoxygenated axons show either a tendency toward normalization of elemental composition, or exhibit persistent and severe elemental deregulation. A greater proportion of small axons displayed recovery compared to larger fibers. For most axons, that is, those not demonstrating a trend toward normalization, gains in mean axoplasmic Na were matched by losses of K, therefore, net axonal cationic contents were equivalent to normoxic controls (Figs. 5, 6 ). Furthermore, reoxygenated axons exhibited increases in axoplasmic P, Cl, and Mg when compared to anoxic values (Table 3) . Most notably, mean axoplasmic Ca levels of these fibers increased significantly (Table 3 ). , and small (C) diameter myelinated axons exposed to normoxia, 60 min of anoxia or 60 min of postanoxia reoxygenation. The distribution of Na concentrations for large fibers from reoxygenated optic nerve is similar to that of large anoxic axons. In contrast, the Na distributions of medium and small reoxygenated fibers suggest tbe presence of subpopulations of respondents, that is, axons that display supra-anoxic Na contents, Na concentrations similar to those of anoxic axons and fibers that express normal to nearly normal Na levels. In these latter fibers, an improvement in Na content was correlated with elevated K levels when compared to respective anoxic values (see Fig. 5 ). Mean dry weight Na concentrations (mmol/kg dry wt + SEM) for each experimental condition are presented. *, Anoxia data are significantly different (p < 0.05) from normoxic control results; A, variance of reoxygenation data is significantly different (p < 0.05) from that of anoxia as determined by Kruskal-Wallis and Mann-Whitney U tests.
Sodium
Effects of anoxia and reoxygenation on elemental composition and water content of axonal mitochondrial areas. During anoxia, mitochondrial areas from large and medium diameter fibers exhibited temporal patterns of element and water disruption that Elemental data are expressed as mean mmol/kg dry wt ? SEM; H,O data are expressed as mean % water 2 SEM. Normoxia, normoxic controls; anoxia, mean dry wt axoplasmic data from optic nerves exposed to 60 min of i n vitro anoxia; reoxygenation, mean dry wt axoplasmic data from optic nerves exposed to 60 min of i n vitro anoxia followed by 60 min of normoxic reperfusion. Normoxic control data are presented for reference; see Table 2 were similar to changes in respective axoplasm (Fig. 7) . Thus, mitochondrial Na concentrations rose rapidly during the first 20 min and proceeded at a slower rate as oxygen deprivation continued. Mean mitochondrial K concentrations exhibited early, rapid and progressive decreases while mean Ca levels remained normal for up to 10 min of anoxic exposure. Thereafter, mitochondrial Ca content rose rapidly to a maximum (31 2 5 mmol/ kg dry wt ? SEM at 40 tnin) and then decreased modestly (22 +-3 at 60 tnin; Fig. 7 ). Anoxia-induced changes in mitochondrial P, Cl, Mg, and water are presented in Table 2 . Following 60 ruin of postanoxia reoxygenation, rnitochondtial areas from reoxygenated axons exhibited an exacerbation of the elemental derangement associated with anoxia ( Table 2 .
dispersion is reflected in corresponding statistically significant increases in variance for each element (Table 3) . Perhaps the most notable changes in mitochondrial areas of reoxygenated axons were the marked increases in Ca and P relative to anoxic levels ( Table 3) . Efects of anoxia and reoxygenation on elemental composition and water content of rat optic nerve glia and myelin. Both glial cell regions and myelin exhibited modest changes during anoxic exposure. After 60 min of anoxia, small but significant increases in mean Na and decreases in K were observed in both morphological compartments (Table 4) . Reoxygenation was associated with a further slight depression of glial K with no additional changes in other elements or water (data not shown).
Discussion
Results of the present study demonstrate that in vitro exposure of rat optic nerves to anoxia causes early and progressive decreases in axoplasmic K concentrations in conjunction with increases in the Na content of large, medium, and small diameter myelinated axons. These changes in Na and K are accompanied by increases in intraaxonal Ca. Mitochondrial areas exhibited similar, parallel alterations in elemental composition. The close temporal relationship between axoplasmic and mitochondrial elemental deregulation, and parallel decline in compound action potential during optic nerve anoxia (Stys et al., 1990 ; see below), suggest that CNS myelinated axons have little energy reserve and are critically dependent upon aerobic metabolism for maintenance of ionic gradients and, therefore, excitability. Anoxia-induced alterations in optic nerve intraaxonal Na, K, and Ca are temporally correlated to the expression of structural and functional deficits and are, therefore, likely to be mechanistically relevant. For example, in previous electrophysiological studies, optic nerve compound action potential was completely abolished after 10 min of in vitro anoxia (Stys et al., 1990) . Loss of electrophysiological function is likely due to the substantial decrease in axoplasmic K (with a concomitant rise in K+',; and gain in Na occurring at this experimental time point (Figs. 2-4 , Table 5 ). After 60 min of in vitro anoxia, morphological perturbation of optic nerve axons is well developed, for example, axonal cytoskeletal dissolution and mitochondrial swelling are evident (Waxman et al., , 1994 ; Fig. 1 this Mean aqueous concentrations (mhQ for each element were calculated using individual axoplasmic mmol element/ kg dry wt concentrations and corresponding % water content. Calculations of aqueous concentrations were corrected assuming the following free fractions of intracellular elements: K = 0.9, Na = 0.76 (Hinke, 1961; Caldwell, 1968) , and Cl = 1.0 (Alvarez- Leefmans et al., 1990) . Ionized Ca was not estimated because of the very low free fraction in cells. study). These structural alterations are probable consequences of the axonal Ca accumulation and generalized elemental disruption identified in the present study. Finally, the quantitative changes in axoplasmic and mitochondrial Ca (i.e., 5-20-fold rise) associated with anoxia are equivalent to those observed in peripheral axons undergoing active Wallerian degeneration and predegenerative, swollen axons from peripheral nerve of acrylamide-intoxicated rat (LoPachin et al., , 1992 . This implies that the magnitude of intraaxonal Ca accumulation is causally related to axon injury in anoxic rat optic nerve.
Among axons of a given size, statistically significant changes in axonal K are expressed as mean population shifts whereas changes in Na and Ca concentrations are heterogeneous and, thus, primarily represented by increases in variance. The patbophysiological basis for this contrast in statistical expression is unknown but might represent differences in axonal processing of these elements. Thus, the subaxonal distribution of Na and Ca following anoxia-induced entry is a product of multiple regulatory influences involving exchangers (Na+-Ca*+ exchanger), residual membrane ion pump activities (Na+/K+-, Ca*+/Mg*+-ATPases), buffering by organelles (SER, mitochondria) and passive binding. On an individual axon basis, variable expression of these homeostatic processes during the development of anoxia might be responsible for observed increases in variance associated with Na and Ca concentrations. In contrast, anoxia-related axoplasmic concentrations of K are not a product of complicated disposition kinetics but rather are due to simple efflux presumably via internodal K+ channels (Waxman and Ritchie, 1985) . Consequently, expression of axonal K content is less likely to be heterogeneous.
The mechanism of Na+, K+, and Ca*+ deregulation during anoxia has not been fully characterized. Stys et al. (1992) have proposed that Ca*+ entry into axons injured by anoxia is mediated by reverse operation of the membrane Na+-Ca2+ exchanger. This hypothesis is based on indirect electrophysiological and pharmacological evidence that suggests a sequential derangement of Na, K, and Ca levels in affected axons Stys et al., 1990 Stys et al., , 1991 Stys et al., , 1992 . In the present study these and other biologically relevant elements were measured directly using electron probe x-ray microanalysis (EPMA). The coordinated loss of Na and K gradients is compatible with failure of axolemmal Na+/K+-ATPase activity and precedes increases in subaxonal Ca. Recent evidence suggests that transmembrane Na+ movement during anoxia occurs via a TTX-sensitive, noninactivating Na+ conductance Taylor, 1993) . The increase in axonal Na in association with K efflux and, consequently, membrane depolarization, creates conditions that favor Ca*+ import via reverse Na+-Ca*+ exchanger (Baker, 1969; Cervetto et al., 1989; Dipolo and Beauge, 1988) . Thus, these patterns of axonal elemental perturbation are consistent with the injury cascade proposed by Stys et al. (1992) , that is, (1) anoxia-induced depletion of ATP, (2) reduced Na+ pump activity, (3) loss of transmembrane Na+ gradients, (4) reverse operation of the Na'-Ca*+ exchanger, and (5) subsequent entry of damaging quantities of Ca*+.
Relative to respective axoplasm, mitochondrial areas from auoxic axons exhibit a large increase in Ca content during early anoxia (i.e., 20 min). This probably reflects the Ca*+ buffering capacity of mitochondria (Nicholls, 1985; Carafoli, 1987) and suggests that Ca*+ influx during early anoxia is more extensive than indicated by corresponding axoplasmic levels. It is important to note that Ca accumulation by mitochondria progresses over 40 min of anoxia and then declines slightly (see Fig. 7 ). Cessation of sequestration, in spite of high axoplasmic Ca levels, might reflect severe loss of mitochondrial membrane potential with subsequent failure of electrophoretic Ca*+ uptake (Carafoli, 1987; Gunter and Pfeiffer, 1990) . Regardless, this failure of CaZ+ buffering is reversible since during optic nerve reoxygenation extensive mitochondrial Ca*+ uptake resumes (see ahead). Following 60 min of postanoxia reoxygenation, the majority of optic nerve axons exhibited severe elemental disruption with axonal and mitochondrial Ca levels that exceeded those associated with anoxia. It is assumed that these axons are irreversibly injured given the magnitude of Na and Ca disruption and their failure to express any potential for recovery (see ahead). The mechanism(s) of axonal reoxygenation injury is unknown. As indicated above, CNS myelinated axons appear to be critically dependent on aerobic energy metabolism and, therefore, mito-chondrial dysfunction during reoxygenation will be a primary determinant of axon injury. In most reoxygenated axons, mitochondrial areas exhibit massively elevated Ca and P levels suggesting the formation of calcium phosphate complexes (see review by Nicholls and Akerman, 1982) . Since mitochondrial Ca2+ uptake occurs at the expense of ATP production (Nicholls, 1985; Nicholls and Akerman, 1982) , disrupted aerobic ATP synthesis and subsequent energy deficit might contribute to the demise of reoxygenated optic nerve axons. It has also been suggested that during reoxygenation, the formation of free radicals is superimposed on the preexisting ionic disruption and, as a consequence, the magnitude of injury induced by anoxia is exacerbated (Fiskum, 1985; Cao et al., 1988; Patt et al., 1988; Halliwell, 1992; Watson et al., 1994) . However, the role of free radical formation in mediating axonal elemental disruption in the present study remains to be determined.
Despite irreversible injury to most optic nerve fibers, small subpopulations of all axon groups exhibited trends toward restoration of axoplasmic concentrations of Na, K, and other elements after reoxygenation. Ionic restoration in axon subpopulations might be the basis for partial (30% of control) recovery of rat optic nerve compound action potential previously identified following 60 min of postanoxic reoxygenation (Stys et al., 1990 . It is remarkable and somewhat paradoxical that most of the recovering fibers were from the small diameter group. Small axons have a relatively large surface-to-volume ratio, and they have high rates of metabolism and limitedenergy reserves (Gerard, 1927; Brody, 1966) . Moreover, earlier studies suggest that these fibers are selectively vulnerable to anoxia (Gelfan and Tarlov, 1956 ). Thus, small axons seem unlikely candidates to express recovery potential. The functional traits responsible for resistance to anoxia and reoxygenation injury are, at present, unknown but might involve more effective Ca2+ homeostasis and buffering of free radicals or greater resistance to other injurious secondary events. The selective trend toward recovery by small axons and the severe elemental derangement of larger fibers correlates well with morphological observations which show that larger axons continue to exhibit pathologic changes (mitochondrial swelling, axoplasmic dissolution) despite 60 min of postanoxia reoxygenation . The limited ability of CNS myelinated axons to restore normal elemental composition is in marked contrast to the full recovery of PNS axons achieved during postanoxia reoxygenation (LoPachin et al., unpublished observations). This finding underscores the marked differences in anoxic susceptibility between PNS and CNS fibers (Utzschneider et al., 1991) .
As indicated in the introductory section, EPMA measures total elemental concentrations (i.e., ionic + bound species) and water content (% water) in subcellular compartments. From these data, the equivalent aqueous concentration (in rnrvr) of an element can be calculated assuming a specific free fraction and that this fraction remains constant during anoxia (Table 5) . The estimated millimolar concentrations should be interpreted cautiously since the validity of these assumption is unproven. For axoplasmic elements that presumably have a large ionized fraction (e.g., Na, K, Cl), such calculations might be reasonable estimates of respective free ion content; however, these calculations are inappropriate for other elements (e.g., Ca) where a significant bound fraction exists (Shporer and Civan, 1977; Walker and Brown, 1977) . Although the axoplasmic ionic content of mammalian CNS axons is unknown, normoxic millimolar concentrations of Na+ and K+ calculated from our EPMA data (Table 5 ) are comparable to earlier peripheral nerve axon measurements employing other techniques (Brismar, 1980; Frankenhaeuser, 1957; Walker and Brown, 1977) . During 1 hr of in vitro anoxia, the extent of axonal K loss exceeds Na gain. In addition, transient decreases in water content occur and, when elemental concentrations are calculated on a mu basis, a progressive net loss of osmolarity is revealed: e.g., Table 5 , medium axon [Na+K+Cl] -normoxia = 213 mu versus -60' anoxia = 168 mu. In contrast, during reoxygenation many optic nerve axons continue to gain Na and/or loose K (see Figs. 5, 6 ) and, as a result, mean osmolarity is returned to slightly above normal; for example, Table 5 , medium axon [Na+K+Cl] -normoxia = 213 mu versus -reoxygenation = 234 mu. Whether these changes in osmolarity reflect anoxia-related events or methodological problems (e.g., inaccurate water measurements) is not known. However, we note that intracellular K+ concentration is generally larger than necessary for electrochemical equilibrium. Therefore, since axolemmal K+ permeability is greater than that of Na+, the rate of K+ loss can exceed the rate of net Na+ influx during anoxia. As a consequence, the net loss of K+ will be associated with a transient decrease in cell volume. Eventually, the K+ gradient will dissipate and water will enter in conjunction with continued Na+ and Cl-entry (Macknight, 1984) . In addition, osmoregulation during anoxia is a complex process (Macknight, 1984; Erecinska and Silver, 1994) , and it is possible that net loss of element is offset by evolution of idiogenic osmoles such as lactate and/or metabolites of proteins and lipids which do not contribute to a net change in EPMA detected elemental composition (Hossman and Takagi, 1976; Hatashita et al., 1988; Erecinska and Silver, 1994) .
Dry weight elemental composition of glial cells and myelin remained relatively unchanged up to 40 min of anoxia. Thereafter, both compartments exhibited modest but statistically significant changes in Na and K. Other than a slight worsening of K loss, reoxygenation was not associated with an exacerbation of anoxia-induced effects. Alterations in glial cell Ca were not observed during either anoxia or reoxygenation. The patterns of glial cell elemental changes produced by anoxia and reoxygenation are consistent with reversible perturbation (LoPachin et al., 1992b) and, in agreement with others (Petit0 et al., 1990; Janeczko, 1991; Hertz et al., 1992; Hori et al., 1994) , it appears that glia are relatively resistant to injury associated with oxygen deprivation and reoxygenation.
In summary, in vitro exposure of rat optic nerve to anoxia produces a sequential derangement of Na, K, and Ca concentration in myelinated axons. Postanoxia reoxygenation, rather than promoting recovery, exacerbates the preexisting elemental disruption and causes apparent irreversible injury in the majority of axons. However, in a subpopulation of mostly small axons, reoxygenation is associated with a trend toward normalization of elemental composition. In contrast to axons, glial cells display only modest changes in elemental composition and it is suggested that these cells are relatively resistant to anoxia/reoxygenation injury. The development of axonal elemental deregulation that occurs in response to in vitro anoxia and reoxygenation is temporally correlated to the onset of related structural and functional deficits. This suggests that these changes are an important mechanistic component of CNS white matter injury associated with anoxia. Furthermore, the pattern of elemental alteration in anoxic axons is consistent with Ca2+ entry via reverse operation of the axolemmal Na+-Ca*+ exchanger ). This pattern is also similar to that produced by me-chanical, chemical, and ischemic injury of myelinated axons in CNS and PNS tissues (Hansen, 1985; Young and Koreh, 1986; Kwo et al., 1989; LoPachin et al., , 1992a and, therefore, it is possible that Ca*' overload via reversal of Na+-Ca2+ exchange represents a general mechanism with possible implications for other forms of axon damage and degeneration. The present findings represent fundamental information concerning transmembrane movements of Na+, K+, Ca*+, and other ions during anoxia and reoxygenation, and provide a rational basis for further mechanistic investigations of myelinated axon injury in CNS white matter.
